Inhalation of hydrogen gas has been proven to be an effective treatment for ischemia-reperfusion injury by selectively reducing hydroxyl and peroxynitrite radicals. There has been considerable evidence of hydrogen's protective effect against diseases related to oxidative injury, such as the ischemia-reperfusion injury of the brain, liver and heart. More and more studies suggest that radical oxygen species (ROS) play an important role in the development of diabetic erectile dysfunction (ED) and antioxidants can markedly decrease the production of ROS and improve the erectile function. We hypothesize that hydrogen therapy may be a promising, safe and effective treatment for diabetic ED by reducing the production of ROS.
Introduction
Hydrogen is the lightest and most essential chemical element, composing nearly 75% of the universe's elemental matter. 1 Hydrogen is seldom regarded as an important candidate in medicine, especially as a therapeutic gas. 2 However, a recent study showed that hydrogen inhalation exhibited antioxidant and antiapoptotic activities which protected the brain against ischemia-reperfusion injury by selectively reducing hydroxyl radical and peroxynitrite, which are much more reactive than other ROS. 3 Other researchers have indicated that hydrogen can also improve myocardial, hepatic ischemia-reperfusion injury, neonatal hypoxia-ischemia, Parkinson's disease; oxidative stress induced cognitive decline and diabetes mellitus (DM). [4] [5] [6] [7] [8] [9] Oxidative stress-mediated neurovascular alteration appears to play an integral role in the development of erectile dysfunction (ED) in diabetic populations. 10, 11 NO, the principal mediator of penile erection can react with other radicals, such as superoxide anions, to produce peroxynitrite and contribute to numerous pathological conditions such as atherosclerosis and generalized reperfusion injury. 12, 13 Hydroxyl radical is generated in biological systems from superoxide anions and hydrogen peroxide by the Haber-Weiss reaction or from hydrogen peroxide by the Fenton reaction, 14, 15 which is the strongest of the oxidant species and reacts indiscriminately with nucleic acids, lipids and proteins. 3 A growing number of studies suggested that radical oxygen species (ROS) play an important role in the development of diabetic ED and antioxidants can markedly decrease the production of ROS and improve the erectile function. However, no study has been conducted to investigate the effects of hydrogen in the treatment of diabetic ED, in which ROS play a pivotal role.
Hydrogen is an important physiological regulatory factor with antioxidant protective effects which selectively reduces hydroxyl radical and peroxynitrite generation
Hydrogen is the lightest and most abundant of chemical elements, constituting nearly 75% of the universe's elemental mass. 1 It is a colorless, odorless, nonmetallic, tasteless, highly flammable diatomic gas which is mainly used in fossil fuel processing and ammonia production. 16 Recent basic and clinical research has revealed that hydrogen is an important physiological regulatory factor with antioxidant protective effects on cells and organs. 17 For both stroke and myocardial infarction there are now highly successful approaches to restore blood flow to the ischemic tissue. So far, however, research has failed to relieve this pathological cascade of oxidative damage after reperfusion injury, the burst of reactive oxygen species irrevocably drives downstream signaling networks that lead to cellular necrosis and apoptosis. In this issue, Ohsawa et al. report that highly diffusible hydrogen gas can target intracellular sources of reactive oxygen species and dose-dependently inhibit reperfusion-induced oxidative damage. H2 selectively reduces hydroxyl radical and peroxynitrite in vitro and in vivo, which are much more reactive than other ROS. 3 A recent study demonstrated that inhalation of H2, at an incombustible level, limited the extent of myocardial infarction resulting from myocardial ischemia-reperfusion injury, and thereby preserved left ventricular (LV) function in vivo and ex vivo. The anti-oxidant action of molecular H2 may be explained, at least partially, by direct ROS scavenging effect. 4 Hydrogen-rich saline improved postischemic functional recovery of rat hearts. The improvement in post-ischemic functional recovery was paralleled by a significant reduction in infarct size, decreased plasma and myocardium malondialdehyde (MDA) concentration, attenuation of cardiac cell apoptosis and DNA oxidative stress in at risk areas (AAR). Histological analysis revealed a substantial decrease in hemorrhage and necrosis as well as a decrease in the number of leukocytes within the ischemic zone. This cardiac improvement may result from radical oxygen species (ROS) scavenging effect of molecular H2. 5 The inhalation of hydrogen gas was applicable for hepatic injury caused by ischemia/reperfusion using mice. The portal triad to the left lobe and the left middle lobe of the liver were completely occluded for 90 min, followed by reperfusion for 180 min. Inhalation of hydrogen gas (1-4%) during the last 190 min suppressed hepatic cell death, and reduced levels of serum alanine aminotransferase and hepatic malondialdehyde. The results indicated the potential benefits of inhalation of hydro- gen gas as an applicable method to reduce oxidative stress. 6 In Parkinson's disease, mitochondrial dysfunction and the associated oxidative stress are major causes of dopaminergic cell loss in the substantia nigra. Fu et al. examined effects of ∼50%-saturated molecular hydrogen in drinking water before and after the stereotactic surgery on nigrostrital degeneration in a rat model of Parkinson's disease. Molecular hydrogen prevented both the development and progression of the nigrostrital degeneration. Preand post-treatment with hydrogen prevented the dopaminergic cell loss. The study suggested that hydrogen water was likely able to retard the development and progression of Parkinson's disease by reducing the oxidative stress. 7 Chronic physical restraint stress to mice enhanced levels of oxidative stress in the brain and impaired learning and memory. Consumption of hydrogen water ad-libitum throughout the whole period suppressed the increase in the oxidative stress and prevented cognitive impairment, whereas hydrogen water did not improve cognitive ability when no stress was provided. Thus, continuous consumption of hydrogen water reduces oxidative stress in the brain, and prevents the stressinduced decline in learning and memory caused by chronic physical restraint. The results showed that hydrogen water may be applicable for preventive use in cognitive or other neuronal disorders. 8 Oxidative stress is recognized widely as being associated with diabetes. Hydrogen-rich water intake was associated with a trend of decreased serum concentrations of oxidized LDL and free fatty acids, and increased plasma levels of adiponectin and extracellular-superoxide dismutase. In 4 of 6 patients with impaired glucose tolerance (IGT), intake of hydrogen-rich water normalized the oral glucose tolerance test, these results suggest that supplementation with hydrogen-rich pure water had beneficial effects on lipid and glucose metabolism in humans. The results suggested that a sufficient supply of this water may prevent or delay development and progression of type-2 diabetes mellitus and insulin resistance by providing protection against oxidative stress. 9
Reactive oxygen species play an important role in diabetesassociated erectile dysfunction ED is defined as the inability to achieve or maintain erections sufficient for satisfactory sexual intercourse. 18 Approximately 52% of men between the age of 40 and 70 years suffer from ED due to various causes, such as pathophysiological changes in nerves, blood vesicles, corporal smooth muscle tissue, and endothelial cells. 12, 19 As most of these risk factors for development of ED are inherent to diabetes mellitus, the current estimates suggest that as many as 75% of men with diabetes will develop some degree of ED at an earlier age. 20 Hyperglycemia induced overproduction of superoxide is an initiating event in the activation of pathways involved in the pathogenesis and complications from DM. 21, 22 Oxidative stress-mediated neurovascular alteration appears to play an integral role in the development of ED in diabetic populations. 10, 11 Nitric oxide (NO) is the principal mediator of penile erection. 12 Nitrergic nerves and endothelial cells directly release NO in the penis, where it stimulates guanylyl cyclase to produce cGMP and lowers intracellular calcium levels. 23 This triggers the relaxation of arterial and trabecular smooth muscles leading to arterial dilatation, venous constriction, which result in a penile erection. 24 The presence of oxygen free radicals inactivates NO and reduces its physiologic impact, NO is a free radical and can react with other radicals, such as superoxide anions, to produce peroxynitrite and contributes to numerous pathological conditions such as atherosclerosis and generalized reperfusion injury. 13 Peroxynitrite is a highly toxic molecule which causes apoptosis, serious damage to cellular mechanisms, including small penile resistance arteries. 21, 22 High concentrations of peroxynitrite can produce highly ROS, which can initiate a cascade of redox reactions triggering apoptosis and evoke cytotoxic effects on endothelial and neuronal cells. Increased apoptosis and resulting disruption of cellular processes in turn lead to reduced expression levels of eNOS and nNOS. 25 Additionally, increased auto-oxidation of glucose and oxidation of low-density lipoproteins have been described in diabetes, which may result in the overproduction of free radical species, leading to smooth muscle dysfunction. 26 It is postulated that the hydroxyl radical is generated in biological systems from superoxide anion and hydrogen peroxide by the HaberWeiss reaction or from hydrogen peroxide by the Fenton reaction. 27, 28 It is biologically important to eliminate hydroxyl radicals, because no enzyme detoxifies hydroxyl radicals. 14, 15 Hydroxyl radical is the strongest of the oxidant species and reacts indiscriminately with nucleic acids, lipids and proteins. 3 Hydroxyl radicals play an important role in the diabetes-related ED. 29, 30 Previous studies indicate that diabetesinduced decreased NO levels in corporeal areas could be mainly due to the lack of essential cofactors for NOS activity. 31 However, studies involving the systemic and cavernosal vasculature showed that superoxide-induced inactivation, rather than reduced activity of NOS, was the major cause of reduced NO levels. 32 A growing number of studies suggest ROS play an important role in diabetic ED and antioxidants can markedly decrease the production of ROS and improve the erectile function. A study indicated that non-insulin dependent DM caused excessive generation of free radicals, decreased scavenging systems, marked elevation of malondialdehyde, and decreased glutathione levels in diabetic rats, all of which lead to ED. 33 An in vitro study suggested that corpus cavernosal vascular smooth muscle cells (CCSMC) grown in a high glucose milieu exhibited changes in ROS which were significantly increased; after the cells were exposed to vitamin E for 14 days there was a reduction in ROS formation. 34 ROS production was increased in penile tissue and erectile function was decreased in diabetic rats while the administration of the antioxidant α-lipoic acid reduced the ROS production and improved the erectile function in diabetic ED rats. 35 Khan et al. reported that overproduction of superoxide anion may play an important role in the development of diabetic ED. NO-and electrical field stimulated -mediated cavernosal smooth muscle relaxation was impaired in a rabbit model of diabetes but superoxide dismutase (SOD, the enzyme that accelerates the breakdown of the superoxide anion, O2-to H2O) significantly reversed the impaired relaxation. 36 Bivalacqua et al. reported that superoxide anion was increased in diabetic rats and that diabetic rats transfected with AdCMVEC-SOD had reduced corporal superoxide anion levels and increased cavernosal cGMP levels by increasing NO bioavailability. Adenoviral gene transfer of EC-SOD could restore erectile function by reducing the production of superoxide anion in diabetic rats. 37 Kawakami et al. reported that the superoxide dismutase (SOD) mimetic tempol increased erectile function through modulating oxidative stress-related genes (SOD1, SOD2, GP x 1, CAT, NOS2, NOS3) in diabetic rats. 38 Of 84 reactive oxidative stress and antioxidant genes 32 were identified specific to diabetic rats compared to healthy controls. Tempol restored erectile function by reducing ROS and decreasing apoptosis in diabetic rats. 39 Sildenafil treatment, the first-line pharmacotherapy for ED, rapidly and chronically improved vascular relaxation in diabetic rats by decreasing superoxide formation and membrane expression of the NAD(P)H oxidase subunit gp91phox and Rac. 40 
Hypothesis
We hypothesize that hydrogen gas may be a promising, safe and effective agent for the treatment of diabetes-related ED by reducing levels of hydroxyl radicals and peroxynitrite.
Our hypothesis is based on the theory that molecular hydrogen can selectively reduce hydroxyl radical and peroxynitrite levels in vitro and in vivo, as hydroxyl radicals and per- oxynitrite are much more reactive than other ROS. 3 H2 has a number of advantages: i) it effectively neutralizes hydroxyl radicals in living cells, unlike most known antioxidants, which are unable to successfully target organelles; 3 ii) it has favorable distribution characteristics: it can penetrate biomembranes and diffuse into the cytosol, mitochondria and nucleus; 3 iii) despite the moderate reduction activity of H2, its rapid gaseous diffusion might make it highly effective for reducing cytotoxic radicals. Its ability to protect nuclear DNA and mitochondria suggests that it could reduce the risk of life style-related diseases and cancer: 3 iv) it is likely that H2 is mild enough not to disturb metabolic oxidation reduction reactions or to disrupt ROS involved in cell signaling-unlike some antioxidant supplements with strong reductive reactivity, which increase mortality, possibly by affecting essential defensive mechanisms. 3 We will design a study to prove our hypothesis. Diabetic ED rats are given H2-saturated water for 8 weeks. After 8 weeks, we will measure the production of hydroxyl radicals, peroxynitrite, and NO, erectile function, liver and kidney function to observe if hydrogen administration improves erectile function without side effects through neutralizing hydroxyl radicals and peroxynitrite. We will also examine the production of the ROS involved in cell signaling to observe whether hydrogen disrupts their normal physiological function or not.
The safety of hydrogen for humans is demonstrated by its application in Hydreliox, an exotic breathing gas mixture of 49% hydrogen, 50% helium and 1% oxygen, which is used for the prevention of decompression sickness and nitrogen narcosis during very deep technical diving. 41 Also no adverse effects have been found using drinking hydrogen water in a human study. 42 A study showed that 20 subjects with potential metabolic syndrome consumed 1.5-2.0 l/day of H2-saturated water for 8 weeks, the treated subjects showed significant improvements in liver and kidney function, 43 which showed that H2 had no toxic side effects on liver and kidney and may even protect liver and kidney function. Another study also showed that hemodialysis patients treated with dialysis solution with H2 for 6 months had no adverse clinical signs or symptoms. 44 Hydrogen gas may be a promising, safe and effective agent for the treatment of diabetesrelated ED by reducing hydroxyl radical and peroxynitrite levels. 
